-2-Abstract: Eleven rigid nitroxyl biradicals have been synthesized vJith distances between the radical groups of up to 12 t The electron spin resonance spectra were studied in a variety of solvents and over a range of temperatures. S-resonances, \,/hi ch permi t the electron exchange i nteracti on (~) to be determi ned \,/ith preci s i on, were observed for all but one of the biradicals. Spectra corresponding to J = 6 G up to J = --172 G were obtained. The effects of structure on the exchange are complex and do not appear to be consistent with a simple direct (through space) mechanism. It is concluded that indirect (through bond) exchange occurs in these bi radi ca 1 s between nitroxyl groups separated by [10] [11] sigma bonds, but the possibility of a combination of the direct and indirect mechanisms cannot be ruled out. Independent of mechani~m, the exchange ;s found to be very sensitive to the structure of the biradical. The dipolar interaction is generally well understood, and, if the distance between the tvlO radical centers is known, it "may sometimes be accurately predicted by assuming the electrons to be localized at two points (the point dipole approximation).2
The exchange interaction (~) is much more complex and can be classified under two basic mechanisms. l That most commonly considered is the IIdirect rub. 11, 12) 13 analysis. 8 ,9,1l-13 Some of the studies relied on the. dipolar interaction and others on the exchange interaction for useful information.
·Because they can be prepared \'lith a wide variety of structures, nitroxyl biradicals provide an excellent opportunity to study the electron spin exchange interaction and to try and estimate the importance of the direct and indirect mechanisms to the magnitude of the exchange. Hownitroxyl ever, the great majority of kno\'l~iradicals are of a flexible nature and can provide little information on the effect of structure on the spin exchange. The several rigid biradicals which have been reported all have . exchange energies which are too large to be determined from the esr spectra. 4 ,7,lO,11,14,15 He have synthesized and studied eleven rigid nitroxyl biradicals, most of which exhibit easily measurable exchange energy. Several of the molecules differ from one another only by small changes in the joining structure which would have little effect on the relative positions and orientations of the nitroxyl groups. The rigid nature of the bira'dicals has also permitted us to investigate the effect of solvent and temperature major on the exchange interaction independent o~ffects on molecular flexibility or conformation.
Measurement and t·lechani sm of El ectron Spi n E'xchanae A theoretical discussion of the effects of spin exchange on the esr spectrum of a nitroxyl biradical has been given by Lemaire, 16 Glarum and Marshall,17 and ·others. l The observed esr transitions can be classified into two groups distinguished by their responses to changes in the value of J. The S-resonances, which are transitions involving a state which is predominantly singlet in character, lose intensity as J becomes large and o 0 ' ..., A"i :' t' 0·,' n, ., v '-.I 6 , 3 -5-move a\'1ay from the center of the spectrum. 17 l'Jhen they are observed, the exchange energy can be accurately determined from the separation 1ili J between the strongest S-resonance and the center of the spectrum:
where a is the hyperfi ne sp 1 i tti ng due to the nitroxyl nitrogen. However, for many biradica1s, conformational changes in the molecule result' The mechanisms through which the spin exchange interaction occurs can be divided into two classes--direct and indirect. Direct exchange is that most corrmonly treated theoretically and occurs as a result of direct overlap of the molecular orbitals which contain the unpaired electrons. It is generally 'noted that the structure joining the two radical center~ does not contri bute to di rect exchange. ' Hm'lever, it shou 1 d be apparent that if the joining structure is'positioned such that it II shie1ds li one radical centei from the other, a considerable effect on (but not a contribution to) direct exchange can be expected.
Direct exchange is usually considered to be a short range interaction.
It is very important in the theory of bond formation and also in the description of van der Waal's interactions but is rarely considered of -6-importance ~/hen the distance beb/een electron centers is large. 19 However, the exchange energies which can be determined directly from the esr spectrum of a nitroxyl biradical range from 3 to 300 G (8 to 800 x 10-10 kcal/mole) coup 1ng 1n nmr an 0 e ec ron-nuc ear sp1n coup 1ng 1n esr.
The bond polarization and hyperconjugation formalisms used to describe these situations 24 should also be/important to electron spin exchange in biradicals. Long range nuclear spin couplings (through 3 to 5 bonds) have been known for some time. 25 In some cases these long range interactions result from a through space coupling due to, the close proximity of the nuclei involved. 26 Other long range couplings are usually associ ated w; th ~/hat is known as a U-pl an arrangement of the bonds betv/een the nuclei. 24 Unpaired electrons ~ave magnetic moments more than one thousand times those of nuclei, and this in combination with their distribution in space allows them to interact with bonding electrons much more effectively than can nuclei. Thus it is expected that through bond electron-electron interactions can occur over distances much greater than 5 bonds, particularly if a ~'l-plan bond arrangement exists between the I radical centers. The through bond exchange magnitude will also depend strongly on the extent of overlap of the unpaired electronic orbital and the molecular orbitals of the joining structure. Thus one can expect that changes in the distribution of the unpaired electron on the radical center and changes in the orientation of the radical center with respect to the joining structure should affect the magnitude of indirect exchange.
Resul ts
The structures of the biradicals studied are shown in Table I . Where more than one set of S-resonances were observed, ~1 corresponds to the exchange . * Table I . Exchange energies for the reported biradicals in various solvents ---- The subscripts on ~ are used to designate results for minor epimers (or impurities) of the indicated biradicals in order of decreising~. Absence of a substript (or a subscript 1) implies the major epimer in each case .
• I ---- The subscripts on ~ are used to designate results for minor epimers (or impurities) of the indicated biradica1s
in order of decreasing~. Absence of a subscript (or a subscript 1) implies the major epimer in each case.
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. i nteracti on determi ned from the s tronges t set and ~2 and ~3 were determi ned from the weaker sets in order of decreasing~. Also included in Table I are the observed hyperfine interaction (~) and the Kosower 1 value for each solvent. 29 The KosOl",er 1-is an empirical measure of solvent polarity based on the observed charge transfer energy of a pyridinium iodide complex in the various solvents. In general, the exchange energy is observed to increase with increasing solvent polarity, although for some biradicals little change in ~ with solvent is seen (1lJ2' XlI, j!) and in two cases ~ decreases with solvent polarity (~'~2)' Part of the results in Table I are plotted in Figure 3 for the two homologous series of molecules I through -IV and VI through IX.
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The exc~~nge energies of most of the biradicals we~e also studied as a function of temperature in hexane and chloroform; the results are summarized in Table II . Variation of ~ with temperature was ess~ntially linear over the range examined. Temperature coefficients varied from ~O.27 to +0.13 Gauss/degree, but were generally small in magnitude «0.05)
.
and negative. The effect of temperature \'/as also studied in xylene, where results were essentially equivalent to those in hexane and are not included in the table.
The S-resonances of biradical VI exhibited a AM'> singular behavior at high temperature in xylene. As illustrated in Figure 4 , a new S-resonance appears from beneath one of the lines present appears to at lower temperature an~increase in relative intensity with increasing temperature.
The process is reversible and the new line may be the strongest S-resonance of a high energy conformation of the biradical . ---to 60°) and for I in chloroform (0 to 60°).
-... r~arriot et ~3l have studied 3-doxyl-5a-cho1estane trapped in a thiourea host crystal and concluded from the observed anisotropy in the g-value that only the 3e-epimer was trapped. They further estimate that-the 3e-epimer predominates at least 20-fold over the 3a-epimer. Consistent with these findings is the observation that the 3-oxazo1idine methylene. protons of the amine precursors of I, 'II, V, VI, VII and X appear as a sharp
singlet in the nmr spectra near 3.5 o.
Before considering the stereochemistry of the doxyl group at the The synthesis of biradicals III and VIII was from the 6 4 -diketo----steroids. During the formation of the oxazolidine at position 3,the double bond shifts to the 65_position,a~ evidenced by the'fact that the olefinic proton in the resulting oxazolidine shows a complex splitting due to the protons at C 7 . Throughout oxazolidine formation there is no hydrogen at C s and the stearic interactions which could result in predominance of the , 36 epimerhave been reduced to one axial hydrogen at C l . As one may predict from this observation, the ratio of.3a to 3B epimer formed appears to increase as eviderice by the nmr of the 3-oxazolidine methylene protons. This is most easily seen for compound XII, which has only the 3-oxazolidine, \ -where the nmr of the oxazolidine methylene protons indicates two independent sets of two non-equivalent protons in an approximate ratio 2:1.
One set of S-resonances were observed for biradical VIII, while III -.
---exhibited three sets; both ll!2 and l!b were estimated to be about 4% of Biradicals IV and IX were derived directly from III and VIII by .
--.
---- Effect of structure. For the cis biradicals II and VII the exchange
is 4-to 6-fold lower than for the analogous trans compounds I and VI. It is very difficult to explain this latter observation on the basis of the direct exchange mechanism since the orientation of the nitroxyl is considerably different for the two epimers.
Biradical XI was obtained in very low yield and could not be isolated -as a pure compound. It appeared to be contaminated by at least 50% monoradical but high resolution mass spectral analysis gave the correct molecular ion fo·r XI. The solvent trends in either the 3,17 or 3,20 series shown in Fig. 3 are not consistent with a direct exchange mechanism. Within either series the relative orientations of the doxyl groups should be similar for each member and one would expect that for direct exchange a qualitatively similar effect of solvent would be noted for each. In contrast, even the direction of the change in ~ with solvent polarity is not the same.
Effect of Temperature. The temperature coefficients listed'in Table II For biradical VI an extra S-resonance becomes apparent as the temperature is increased (Fig. 4) and most like~y corresponds to the strongest S-transition of a second form of the biradical. This observation is possibly due to the presence of a second epimer of Yl in ~/hich the effect df temperature on ~ is much less than for the major epimer resulting in the resolution at higher. temperatures. However, the extra S-resonance may actually be increasing in relative intensity as the temperature is' raised and might correspond to a higher energy conformation of the biradical reathed by rotation about the C 17 -C 20 bond.
Conclusion
The biradicals reported here were synthesized in the hope that they might provide insight into the mechanism of eJectron spin exchange in nitroxyl biradicals. For the most part the results have been considered to be more in line with the indi~ect mechanism tharr with direct exchange.
It should be emphasized, hm'lever, that the more complex indirect mechanism has in 1 arge part "won by default" on the bas i s that many of the results on silica gel, using a solvent of chloroform-hexane (10:1). Samples for esr study and high resolution mass spectroscopy were further purified by tlc on silica gel, using a solvent of chloroform-hexane (20:1). In some cases the biradicals could be crystallized from the appropriate solvent.
3,17-didoxyl-5a,-androstane (1). The dioxazolidine precursor prepared .
IV'
from 5a-androstan-3,17-dione (Sigma) was oxidized to the biradical as described above. Crystallization from hexane-methanol yielded yellow . 
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